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Three pedestrian trajectories are considered to study the influence of PM
10
concentrations on children exposure, in a high-traffic
street canyon. Two types of exposure were calculated: daily exposure for each wind condition and cumulative annual exposure
considering all wind conditions. FLUENTwas used to simulate the flow, turbulence, and PM
10
dispersion in the street canyon. Our
results indicate that exposure is influenced by the chosen walking trajectory and wind direction.When considering daily exposure,
the highest value is achieved for the trajectory on the south side of the street, under westerly wind conditions, 13% higher than the
baseline that assumes no traffic. The results indicate that a particular trajectory can be better for one specific wind direction but
can represent the worst for a different wind direction. A difference of 3% to 13% higher exposure was achieved by choosing the
best and worst trajectories. When computing cumulative annual exposure, trajectory on the north side of the street shows better
results, 8.4% higher than the baseline value. Northerly and westerly winds result in the lowest and the highest exposure value for
every studied trajectory. Careful selection of the best pedestrian paths can help reduce the exposure in busy street canyons.
1. Introduction
Air quality in city environments is a matter of increasing
interest due to its direct impact on the public health [1]. In the
last decades, traffic-related air pollution and health problems
have increased, especially in children during their scholar
age [2]. Children’s bodies are still under development during
this age, making their airways, alveoli, and immunity systems
more vulnerable to diseases [3]. Furthermore, children inhale
more air per kilogram of body weight than adults due to
their increased breathing rates [4–6]. It is now accepted that
air pollutants can trigger allergies and respiratory problems,
particularly in children with chronic respiratory diseases
[7]. However, this is a complex issue since it is not easy to
confer causes to some respiratory diseases such as asthma
and bronchitis due to the limited understanding on cellular
and molecular levels. This issue is further complicated by the
complex temporal and spatial pattern of human exposure to
air pollution [8, 9]. The fact that the intervenient factors can
interact between themselves, the relation between pollutant
concentrations and health is even more complex [10]. Long-
term exposure to low level concentrations of air pollutants,
sometimes even below legislation limits, can also have signif-
icant health impacts [8].These issues make the concentration
of particulate matter (PM) in urban street canyons one of the
major air pollution issues.
PM is a complex mixture of solid and liquid particles that
are made of organic and inorganic substances [11]. Numerous
scientific studies have correlated exposure to PM in air
pollution, showing a number of health issues. These include
increased respiratory problems, such as respiratory irritation,
coughing, or difficulty in breathing [10, 12], reduction of
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pulmonary function [13–15], development of chronic bron-
chitis [16] but also those not associated with the respiratory
tract, such as the development of irregular heartbeat [17,
18], appearance of non-fatal heart attacks [19], and even
premature death in people with heart or lung disease [20].
Particular attention has been paid to PM
10
and PM
2.5
among other pollutants, considering their adverse impacts on
human health [2, 21], and more recently studies have started
including nanoparticles in their assessments [22] especially
considering the importance of nanoparticles from road traffic
emission [23, 24], although most epidemiological studies are
focused on PM
10
and PM
2.5
and there are certain evidences
that short-term exposure to high concentrations of PM
10
can aggravate pulmonary diseases and influence paediatric
asthma and some studies suggest that long-term exposure to
low concentrations on PM
10
may increase the risk of both the
cardiovascular and pulmonary diseases [25].
The objective of this paper is to study the influence of
chosen pedestrian paths by the school children on their
exposure to PM
10
in a selected street canyon in Barreiro
city, Portugal. The chosen canyon carries high traffic volume
and form part of a main route for local children to reach
to a school. Three different school walk children pedestrian
trajectories are considered in a selected street canyon and
the impact of chosen pedestrian paths on children exposure
is computed considering four specific wind directions that
prevail across the whole year.
2. Characterization of Studied Domain
2.1. The Study Site. The study is carried out in Bocage avenue
in Barreiro city. Barreiro is a medium sized city, which
is located 40 km south of Lisbon in Portugal. This has 34
km2 area and about 80000 inhabitants. The main industrial
activity is chemical factory located near the city centre, and
the city has important suburb car traffic fluxes. The city is
almost flat, with its highest point at approximately 10m above
sea level. The weather is temperate, with no severe seasons.
Bocage avenue, where the school is located, is a strategic key
point, connecting the city centre with a highway to Lisbon.
The traffic flux is high (∼2900 vehicles per hour) during the
rush hours, representing the main source of pollution in the
street canyon.
2.2. The Emissions. Presently the main emission sources in
Barreiro city are due to road traffic. In the past, the city
also had an important chemical industry, but this industry
does not operate within the city currently. There is a natural
gas power plant but it works very sporadically and its
emissions have no direct impact on the studied street canyon
due to the located distance (∼2.5 km) due to predominant
wind direction. These emissions contribute to background
emission during favourable wind directions.Therefore, traffic
is the major pollutant source in the studied street canyon.
Light duty vehicles (LDV) constitute ∼90% of total traffic
volume.The proportion of heavy duty vehicles (HDV) is only
∼2% of the total traffic volume. To evaluate the PM emissions
from road traffic, a traffic characterization campaign was
carried out in the studied street canyon. This characterised
number of vehicles in four different types (e.g., LDV, HDV,
motorcycles, and buses) and their speeds and type of fuel used
by these vehicles.
2.3. Meteorological Conditions. Meteorological data was used
from the official Portuguese Climatological network man-
aged by Instituto de Meteorologia (IM) from the nearest
weather station (Lavradio), which is ∼2 km away from the
study area. Official data available from years 1967–1990 was
used. For the purpose of the study, wind conditions were
grouped in four main directions—north, east, south, and
west—related to the cross-canyon and along-canyon wind
directions. The prevailing wind direction was found to be
west (W) with frequency as 41.4% (see Figure 1). The highest
wind speed (12.4 km/h) corresponded to the prevailing direc-
tionW,whichwas frequent during the summermonths (June,
July, and August), with the maximum (58.5%) and minimum
(15.6%) occurrences being in August and December, respec-
tively.
2.4. The Studied Route to School. The pedestrian pathway
of school children considered the ones reflecting the chil-
dren walking trajectories when going to and coming back
from primary school considering the most used pedestrian
pathway observed in the street canyon (see Figure 6). This
school is located along the Bocage avenue. The south facade
of the school is located on Bocage avenue which is an
important heavy-traffic road used by the children to reach to
school (Figure 2).This elementary school is attended by ∼120
children from 1–10 years old. The school schedule operates
from 09:00 to 12:00 h (local time) in the morning and from
13.15 to 15.15 h in the afternoon. The school consists of two
buildings, each having two floors above the ground level.
3. Materials and Methods
3.1. Development of an Integrated Analysis Structure. Consid-
ering the number of variables involved in analysis such as
themeteorological data, traffic counting and emissions, CFD,
and ADMS modelling, an integrated approach to deal with
them is developed (see Figure 3).This structure considers the
atmospheric wind profile resulting from weather conditions
and emissions from urban traffic in the street. The study
domain was initially drawn with the AutoCAD software,
where Bocage avenue is represented three-dimensionally
(3D) with its buildings. This 3D design is subsequently
exported to ANSYS Workbench [26] where the boundaries
and mesh size are defined. These data are then used by the
Fluent where the mesh is verified; boundary conditions and
turbulence models are set. Fluent receives data from traffic
emission rates calculated by the ADMS-Urban model [27].
These traffic emission rates are based on the input received
from the traffic counting system, especially designed for this
application. In Fluent, the convergence criteria are defined,
the solution is initialized, and the calculations are performed.
After having achieved convergence calculations all results are
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Figure 1: Summary of four main directions seen through a wind rose and a table.
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Figure 2: Location of school in the street canyon.
transferred to the CFDPost (postprocessor) where the results
are displayed.
3.2. The Traffic Counting System. Since road traffic is the
major source of pollutants in the studied street canyon, a
traffic counting system was designed, developed, and imple-
mented for the detailed characterization of traffic volume
so that the PM emissions can be estimated adequately. This
system counts vehicles moving along the road, identifies the
type of vehicle, and calculates the vehicle running speed.
This system consists of two Omron photocells long distance
retroreflective Model E3G-L73 2M [28], an Omron PLC
(programmable controller) CP1L, a HP laptop, and a software
programme specially developed for this purpose. The traffic
counting system implemented in the street is shown in
Figure 4.
The traffic counting was carried out during three periods:
08:00–10:00 h (local time), 12:00-13:00, and 17:00–20:00 h
(local rush hours) during the three days of field campaigns.
The vehicles counting were carried out for one hour in
each period. The vehicles were classified according to four
different classes (LDV,HDV, buses, andmotorcycles). All this
information was provided as an input to the ADMS-Urban
model to calculate PM
10
emission rates (CERC, 2006).
3.3. PM
10
Concentration Measurements Campaign. PM
10
concentrations were measured during a field campaign, per-
formed at Avenida do Bocage street, from 17 to 20 October
2011 during the day time between 0900 h and 1800 h (local
time). The DustTrack model 8520 was used for the PM
10
measurements. The sampler uses a suction pump to take the
flow of 1.7 Lmin−1 through an optical chamber where the
sample is backlighted with a laser beam and the particles
reflect this light that is read by a photo detector.The detection
circuit converts the light into voltage that is proportional to
themass concentration of PM
10
. Measurements weremade at
7 different points that were 1.5m above the ground level along
the canyon length to gain the representative values.The aver-
age ambient temperature and relative humidity during the
measurement campaigns were 25∘C and 40%, respectively.
Predominant wind direction was noted as “west” (i.e., along
the street canyon).These datawere validated by the air quality
data available from the stations from the governmental
Portuguese Air Quality Network managed by CCDR-LVT.
3.4.The CFDModel. CFD simulations were carried out using
ANSYS Fluent 12.0 [26] for finding the dispersion of PM
10
in the selected street canyon [29]. This is a multipurpose
commercial software, widely used and constantly validated
through comparison of results with dispersion models [30]
or wind tunnel experiments [31]. The geometry of the street
is shown in Figure 5 and the simulations were carried out for
the four main wind directions.
The simplified computational domain for the chosen
street canyon has length, breadth, and height as 715, 300,
and 150m, respectively, for the westerly and easterly wind
directions. A tetrahedral unstructured grid was used for the
spatial discretisation of the computational domain, which
was refined near the buildings. ANSYS Workbench software
[29] was used for the construction of the grid. The smallest
grid size was kept 1m close to the walls of buildings. This
grid size increased with the distance from the walls, using
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Figure 3: The architecture of the integrated analysis structure.
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Figure 4: The road traffic counting system implemented in the street.
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Figure 5: Schematic of the real street and its CFD model.
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an expansion factor equal to 1.2. The domain included a
total of 201354 cells and 37303 nodes for the west wind
direction. For the winds from the north and south the
domain has length, breadth, and height as 491, 524, and 150m,
respectively. A mesh sensitivity analysis was made to verify
the independence of the solution, following the COST 732
guidelines [32], to confirm that the prediction result does not
change significantly with different grid systems. An Eulerian
approach was applied for the simulation of 3D flow, assuming
steady-state conditions. For the turbulence closure, a RNG k-
e model was used that calculated 3D fields of wind, turbulent
viscosity, pressure, and turbulence. For the PM
10
dispersion,
a Lagrangian approach was used for the computation of the
3D concentration field. The dispersion model consists of a
second phase of spherical particles in a Lagrangian frame of
reference, dispersed in the continuous phase with coupling
between the phases. The initial position, velocity, and size of
particles were introduced, and the stochastic tracking con-
sidered was the discrete random walk model. Atmospheric
conditions were assumed as neutral.The RNG k-e turbulence
model was adopted that provided an analytical formula for
turbulent Prandtl numbers. In terms of boundary conditions,
a no-slip condition was imposed at all solid surfaces. At the
top of domain a symmetry boundary was considered, assum-
ing a zero flux of all quantities across the horizontal plane.
At the inlet, a logarithmic vertical wind profile was adopted,
based on the localmeasurement campaigns.Thewind profile,
turbulent kinetic energy, and turbulence dissipation rate were
introduced using the following formulation:
𝑈
𝑦
=
𝑢
∗
𝜅
ln(
𝑦 + 𝑦
0
𝑦
0
) , (1)
where 𝑈
𝑦
(m s−1) is the wind velocity at height, 𝑦; 𝜅 (= 0.42)
is the Von Karman constant; 𝑦
0
(m) is the aerodynamic
roughness length of the ground; 𝑢∗ (m s−1) is the friction
velocity [33]:
𝑢
∗
=
𝜅𝑈
10
ln ((10 + 𝑦
0
) /𝑦
0
)
, (2)
where 𝑈
10
(m s−1) is the wind velocity at 10m height.
The turbulent kinetic energy, 𝜀 (m2 s−2), and turbulence
dissipation rate, 𝑘 (m2 s−2), at the inlet is estimated using
𝜀 =
𝑢
3
∗
𝜅 (𝑦 + 𝑦
0
)
, 𝑘 = 3.33𝑢
2
∗
. (3)
PM
10
emission rates were calculated by the model ADMS-
Urban, considering the traffic counting described in
Section 3.2. No chemical reactions were considered for PM
10
emissions. The emissions were introduced in Fluent as line
sources and considering the mean traffic number of vehicles
in rush hours as the baseline scenario for traffic emissions.
The other emissions considered in the domain were
introduced as background concentrations that were added to
Fluent results. The value for background concentrations was
collected from the Fidalguinhos Air Quality Station from the
Portuguese AQ system; this station is classified as an urban
Trajectory 1 Trajectory 3Trajectory 2
A
N N N
B
A A
B B
Figure 6: The three children pedestrian trajectories considered for
the study.
background station. The model validation was made using
the real measurements of PM
10
concentrations made in the
Bocage street and described in Section 3.3. Further details on
the boundary conditions, study domain, the input conditions
modelling details regarding the CFD simulations, and the air
quality measurements can be found in Garcia et al. [29].
3.5. Estimation of Children Exposure on Pedestrian Trajecto-
ries. Three different pedestrian trajectories inside the street
canyon, between points A and B, showing entrance of the
street and school, respectively, were considered as a walking
path for children to and from the school (Figure 6). All
the three trajectories (namely, 1, 2, and 3) have the same
distance of 300m (see Table 1). The purpose is to study the
influence of the walking trajectory on the PM
10
exposure
to children during the four different wind directions. To
simplify computations, wind conditions were grouped in the
four main directions (N, S, E, and W).
Personal exposure 𝐸(Δ𝑡) in a period of time (𝑡) can be
estimated using (4) given by [34, 35]
𝐸 (Δ𝑡) = ∫
𝑡
0
𝐶 (𝑡) 𝑑𝑡 ≅
𝑛
∑
𝑖
𝐶
𝑖
𝑡
𝑖
, (4)
where𝐶(𝑡) is the pollutant concentration (𝜇g/m3) in a period
of time 𝑡,𝐶
𝑖
(𝜇gm−3) is the discrete concentration in cell 𝑖 and
𝑡
𝑖
(seconds) is time of exposure in cell 𝑖, and 𝑛 is the number
of exposure cells.
In order to calculate the exposure related with each of
the three pedestrian trajectories, the computational domain
was discretized in a grid with 240 cells that had 279 nodes,
each one correspondent to 10 s time walk trajectory (see
Figure 7). The children exposure (𝐸) was calculated in the
cells corresponding to pedestrian trajectories considered.
4. Results
4.1. PM
10
Concentrations. Figure 8 shows the PM
10
concen-
tration results from the CFD simulations during the four
6 Journal of Nanomaterials
Table 1: Details of the three pedestrian trajectories considered.
Pedestrian trajectory Description of trajectory Total walking distance(m)
Walking mean velocity
(m/s)
Total time
(s)
1 Bocage Av-north side 300 1.0 300
2 Bocage Av-south side 300 1.0 300
3 Bocage Av-south then north 300 1.0 300
Table 2: Summary of modelled PM10 concentrations at 1.5m height above the ground level in studied street canyon.
Designation Location PM10 (𝜇gm
−3) CW (𝜇gm−3)
West wind North wind South wind East wind
Point 1 School 21.6 21.2 20.7 22.3 21.3
Point 2 Bingo 23.0 28.6 27.1 27.0 25.4
Point 3 Car park (border) 20.1 20.0 20.1 20.0 20.1
Point 4 Car park (middle) 20.4 20.0 20.1 20.0 20.2
Point 5 High building corner 20.5 20.6 22.7 20.0 20.9
Point 6 Resid. building (east) 22.2 21.5 21.9 21.0 21.7
Point 7 Resid. building (west) 25.0 20.9 22.5 20.7 22.8
Mean value 1.5m plane (all domain) 20.8 20.5 21.0 21.1 —
300 m
80
 m
Figure 7: The discrete grid used in exposure calculations.
different wind directions. Contour plots of PM
10
concen-
trations are plotted for a breathing height of 1.5m [36].
Simulated PM
10
results were compared and validated with
the real PM
10
measurements obtained from the field cam-
paigns described in Section 3.3. This comparison showed the
following relative errors—8.9% average, 6.0% median, and
18.6% maximum—between the measured and modelled data
at the 7 representative points. Detailed description of this
validation can be found in Garcia et al. [29]. Please note
that only traffic emissions are considered in Figure 8 and
no background concentrations are added, but Table 2 shows
the sum of both traffic and background contributions. The
total concentrations are shown for seven points 1–7 that
are located in the street canyon (see Figure 8). The point
corresponding to the studied school is identified as point 1.
Additionally it is shown that the overall mean concentration
value at a plane is located at 1.5m above the ground level.The
mean weighted concentration (CW) is estimated using (5),
which is the product of mean concentration and the wind
direction frequency (𝑓
𝑖
). This allows evaluating cumulative
PM
10
concentration for one year considering different wind
directions:
CW = 𝐶PM
10
× 𝑓
𝑖
, (5)
where 𝐶PM
10
is the concentration of PM
10
in 𝜇g/m3 and 𝑓
𝑖
is the frequency of wind direction, which is 25.1% for north,
8.3% for east, 19.1% for south, 41.4% for west, and 6.1% for
calm.
The simulation results show that the highest value of
PM
10
concentration (hot spot) is achieved at point 2 (Bingo
building)with a value of 28.6𝜇gm–3 for northerlywinds.This
point is located on the north end of the road near the widest
building on this side, making it difficult for the upstream
wind to carry the pollutant outside the street canyon. This
point also corresponds to the highest CW value considering
the concentrations and wind direction frequencies. If we
consider the mean value of concentrations at 1.5m plane for
the entire domain, the highest value is achieved for easterly
winds with a mean value of 21.1 𝜇gm–3. The model accuracy
discussed previously in this section shows no significant
differences for all considered directions. It is also visible
that all these values are however below the daily and annual
national limits for PM
10
in Portugal, which are 50 and
40 𝜇gm−3, respectively.
4.2. Children Exposure during Different Wind Directions.
Table 3 shows the daily exposure results for children for the
three considered trajectories (1, 2, and 3) under the four
different wind directions. The values were normalized by the
baseline children exposure value. The base line corresponds
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Figure 8: Contour plots of PM
10
concentrations at 1.5m above the road level in studied street canyon during four different wind directions.
Table 3: Daily children trajectory exposure to PM10 for the three
scenarios considered.
Children Non dimensionless exposure
Trajectory W-winds N-winds S-winds E-winds
1 1.11 1.07 1.10 1.10
2 1.13 1.03 1.09 1.06
3 1.08 1.06 1.12 110
to a trajectory inside the street canyon with the same length
(300m) and the samewalking duration (300 s), assuming that
there is no traffic in the street and the exposure is only to
background PM
10
concentration which is taken as 20𝜇gm−3
[37].
Interestingly, both the lowest (3%) and the highest (13%)
values for children exposure are achieved by trajectory 2
under northerly (cross-canyon) and westerly (along-canyon)
winds, respectively, compared with the baseline values.These
results show that one trajectory can be the best for one wind
direction but can be theworst for another wind direction.The
results also show that cross-canyon winds favour the reduced
children exposures, showing much lower exposure among all
the three trajectories considered. One of the reasons are that
the cross-canyon wind conditions disfavours the hot-spot
generation (point 2 referred in Table 2), as seen in Figure 8.
Overall, trajectory 2 is the best one for north, south, and east
wind conditions, except westerly winds where trajectory 3
provides the minimum exposure.
4.3. Children Exposure over the Full Academic Year. In order
to consider children exposure in a complete year, due to
mobility to and from the school, exposure is estimated
considering the variability (frequency) of wind direction, 𝑓
𝑖
,
across the whole academic year. The results were also nor-
malized by the baseline children exposure value, explained
in Section 4.2. The results are given by the nondimensional
Table 4: Normalised children trajectory exposure to PM10 for the
four trajectories considering wind direction frequency for one year.
Pedestrian
trajectory Normalised exposure
1 1.095
2 1.088
3 1.084
parameter (𝐸), as shown in the following:
𝐸
𝑦𝑖
=
𝐶
𝑖
× 𝑡
𝑖
× 𝑓
𝑖
𝐸baseline
, (6)
where 𝐸
𝑦𝑖
is nondimensional annual average children tra-
jectory exposure due to trajectory 𝑖 (all year) and 𝐶
𝑖
is
the concentration of PM
10
(𝜇g m–3) in the cell, 𝑖; 𝑡
𝑖
is the
permanency time in cell (s); and 𝑓
𝑖
is the wind direction
frequency for one year, as discussed in Section 4.1. Table 4
shows results for nondimensional total year children pathway
exposure due to trajectory 𝑖 (sum of going to and returning
from school) for the three trajectories (1, 2, and 3).
Trajectory 3, which shows the lowest children exposure
value that is only ∼8.4% higher than the baseline children
exposure, emerges as a best choice for children exposure.
These findings enforce our previous conclusions that one
particular trajectory can be the best for one specific wind
direction, but when considering the all year conditions the
best trajectory for children exposure can be different.
5. Conclusions
An integrated exposure assessment approach was developed
to study the influence of pedestrian trajectories on the
exposure of PM
10
to school children in street canyon envi-
ronments. The approach considered a fully automatic system
for the analysis of traffic profiles, a tool for calculation of
traffic emissions (ADMS-Urban), and a CFDmodel (ANSYS
8 Journal of Nanomaterials
Fluent) to simulate the dispersion of PM
10
inside the street
canyon. The level of personal exposure to PM
10
for school
children walking inside the street canyon towards the school
was calculated considering the three different trajectories.
The results show that the children exposure in the street
canyon is dependent on the wind directions. The highest
value for children trajectory exposure is achieved for one
specific trajectory (2) under along-canyon wind conditions,
showing up to 13% higher exposure than the baseline case
(assuming no traffic conditions). Interestingly, the lowest
value (3%) for children exposure is also achieved for the same
trajectory (2) during the cross-canyon winds. These results
show that considering one wind direction a trajectory can
be the best choice, but the same trajectory can be the worst
choice from an exposure point of view under a different wind
directions.
Results also show that for this specific street, cross-
canyon wind conditions are generally better for exposure
than the along-canyon wind conditions. This is due to the
better mixing of the PM
10
during cross-canyon winds. When
compared with a baseline trajectory, with no traffic in the
street, a variation between 3% and 13% higher exposure was
found by choosing a trajectory under a specific wind direc-
tion. Results show that the best trajectory can be different
than the best choice trajectory of one particular moment
when considering exposure based on annual averaged wind
conditions (frequency). Based on cumulative annual average
exposure, considering all the different wind directions, trajec-
tory 3 comes out to be the best with only 8.4% higher values
than the baseline exposure. These are interesting results for
policy makers to make a priority whether the average or peak
exposure should be targeted as mitigation measures.
Choosing the best pedestrian paths, tracks, or roads for
walking people is a generally overlooked aspect. Our results
suggest that, if due attention is given, mitigation plans can
be designed by local public authorities, municipalities, and
decision makers to substantially cut down the exposure to
children, elderly, and general public inside the busy street
canyons.
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